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HIGHLIGHTS 


•  Choosing  inorganic  salts  plays  a  critical  role  in  electrochemical  performances. 

•  Li[Nio.6Co0.2Mn0.2]02  is  synthesized  using  various  inorganic  salts. 

•  Sulfate  induces  a  large  amount  of  void  channel  over  the  secondary  particles. 

•  LitNio.6Coo.2Mno.2jO2  material  by  sulfate  shows  the  best  cycling  performances. 
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The  cathode  active  materials  LitNio.6Coo.2Mno.2jO2  are  synthesized  using  different  inorganic  salts,  sulfate 
[NiS04-6H20,  CoS04-7H20,  MnS04  H20],  nitrate  [M(N03)2-6H20  (M  =  Ni,  Co,  Mn)j  and  acetate 
[M(CH3C00)2-4H20  (M  =  Ni,  Co,  Mn)j.  The  X-ray  diffraction  (XRD)  patterns  indicate  that  sulfate  and 
nitrate  starting  materials  formed  a  well-ordered  hexagonal  a-NaFe02  layered  structure  (space  group: 
166,  R3m).  However,  acetate  starting  material  is  led  to  a  poorly  layered  structure  compared  to  the  other 
materials.  Field  emission  scanning  electron  microscope  (FE-SEM)  images  show  that  sulfate  and  acetate 
starting  materials  formed  nano-sized  primary  particles  with  a  size  of  about  200—500  nm  and  300  nm, 
and  void  channels.  However,  the  primary  particles  with  a  size  of  300  nm  from  nitrate  starting  material 
agglomerate  together  to  form  micro-sized  secondary  particles.  The  initial  discharge  capacities  of  the 
sulfate,  nitrate,  and  acetate  starting  materials  are  138.3,  142.4,  and  135.9  mAh  g-1  at  1  C-rate  in  the 
voltage  range  3.0-4.3  V  vs.  Li/Li+,  respectively.  The  discharge  capacity  retentions  of  sulfate,  nitrate,  and 
acetate  starting  materials  are  92.5%,  63.9%,  and  78.1%  at  1  C-rate  after  50  cycles,  and  83.2%,  48.0%,  and 
71.7%  at  6  C-rate  after  100  cycles,  respectively. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Rechargeable  lithium  ion  batteries  have  been  widely  investi¬ 
gated  as  power  sources  for  electronic  devices  such  as  cellular 
phones  and  laptop  computers.  Furthermore,  higher  energy  density, 
longer  cycle  life,  and  better  safety  are  necessary  battery  improve¬ 
ments  for  the  development  of  hybrid  electric  vehicle  (HEV),  plug  in 
hybrid  electric  vehicle  (P-HEV),  zero-emission  electric  vehicle  (EV), 
and  energy  storage  system  (ESS),  which  can  accumulate  a  large 
amount  of  the  energy  generated  from  wind  power  and  solar  cell 
plants  [1-5]. 
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In  the  last  few  years,  lithium  cobalt  oxide  has  been  widely  used 
and  investigated  as  a  cathode  active  material  because  of  its  high 
coefficient  of  lithium  ion  diffusion  and  ease  of  processing.  However, 
lithium  cobalt  oxide  has  several  disadvantages  such  as  toxicity,  high 
cost,  and  poor  rate  capability.  In  addition,  high  energy  and  power 
density  are  required  for  large-scaled  devices  like  EVs  and  ESS.  Thus, 
many  research  groups  have  focused  on  finding  new  cathode  ma¬ 
terials  that  can  provide  high  power  and  energy  density  for  lithium 
ion  batteries  [6-8  . 

Among  existing  cathode  materials,  Ni-rich  materials,  Li 
[Nii_x_yCoxMny]02  ( 1  -x-y>0.5),  are  the  most  promising  candidates 
for  applications  of  EVs  and  ESS  due  to  their  excellent  cycling  ability, 
high  specific  capacity,  relatively  low  toxicity,  and  good  rate  capability 
[9-12  .  There  are  various  inorganic  synthesis  methods  such  as  the 
sol-gel  process,  hydrothermal  synthesis,  solid  state  reactions,  and 
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co-precipitation  to  prepare  Ni-rich  cathode  materials  [32,33  .  Among 
these  methods,  co-precipitation  has  been  widely  used  because  it 
allows  the  uniform  and  homogeneous  distribution  of  elements  in 
particles  and  materials  can  be  prepared  on  a  large  scale  [13-18  .  In 
co-precipitation,  there  are  many  factors  that  affect  the  physical 
properties  of  the  product  such  as  pH,  temperature,  agitation  velocity, 
shape  of  reactor,  feed  rate,  and  starting  materials,  since  the  complex 
reactions  are  affected  by  various  conditions  that  form  the  stabilized 
product  [34].  In  particular,  anions  of  inorganic  salts  have  an  effect  on 
the  morphological  and  structural  properties  by  changing  the  zeta 
potential  and  atmosphere  of  particles  in  solution  [19-21  . 

In  this  study,  LiINio.6Coo.2Mno.2lO2  cathode  materials  are  syn¬ 
thesized  by  the  co-precipitation  method.  The  effects  of  different 
inorganic  salt  starting  materials  such  as  sulfate,  nitrate,  and  acetate 
compounds  on  the  morphological,  structural,  and  electrochemical 
properties  of  the  product  LiINio.6Coo.2Mno.2lO2  were  investigated. 

2.  Experimental 

2.1.  Synthesis  of  LilNio.6Coo.2Mno.2lO2 

The  Nio.6Coo.2Mno.2(OH)2  precursor  was  synthesized  by  co¬ 
precipitation  in  the  following  manner.  Three  inorganic  salts,  sul¬ 
fate  [NiS04-6H20,  C0SO47H2O,  MnS04-H20],  acetate 
[M(CH3C00)2-4H20  (M  =  Ni,Co,Mn)],  and  nitrate  [M(N03)2-6H20 
(M  =  Ni,  Co,  Mn)],  were  employed.  First,  the  metal  salts  (mol.%  of 
Ni:Co:Mn  =  6:2:2)  were  dissolved  in  distilled  water  with  a  total 
concentration  of  2  mol  L”1,  and  the  solution  was  pumped  into  a 
continuously  stirred  tank  reactor.  4  mol  L-1  NaOH  and  1  mol  L”1 
NH4OH  solutions  were  simultaneously  fed  into  the  reactor.  The 
solution  was  maintained  at  50  °C  under  vigorous  stirring  for  12  h, 
and  the  pH  value  (pH  =  11.0  ±  0.2)  of  the  solution  in  the  reactor  was 
carefully  controlled  by  the  rate  of  NaOH  addition.  After  the  reaction, 
the  precursor  Nio.6Coo.2Mno.2(OH)2  was  filtered,  thoroughly 
washed,  and  then  dried  at  110  °C  for  5  h.  The  obtained  precursor 
was  mixed  with  excess  LiOH  (mol.%  of  Mn  +  Co  +  Ni):Li  =  1 :1.05)  to 
account  for  evaporation  of  lithium  at  high  temperature.  Finally,  the 
mixture  was  sintered  at  470  °C  for  5  h  and  calcined  at  850  °C  for  5  h 
in  air  at  a  heating  rate  of  5  °C  min”1. 

2.2.  Preparation  of  the  2032  type  coin  cell 

For  fabrication  of  cathode  electrodes,  the  obtained  cathode 
active  material,  LiINio.6Coo.2Mno.2lO2  powder,  was  mixed  with 


Table  1 

Structural  parameters  of  Li[Nio.6Coo.2Mno.2]02  samples  made  by  different  inorganic 
salts. 


Samples 

a  (A) 

c  (A) 

c/a 

Volume  (A3) 

J003/L04 

Sulfate 

2.8735 

14.2198 

4.9486 

101.6812 

1.5936 

Nitrate 

2.8684 

14.2043 

4.9520 

101.2142 

1.5012 

Acetate 

2.8697 

14.2239 

4.9566 

101.4421 

1.2757 

a  ^03104  is  the  ratio  of  the  intensities  of  the  (003)  and  (104)  peaks. 


carbon  black  and  polyvinylidene  difluoride  (PVdF)  in  wt.%  of 
85:7.5:7.5  in  N-methyl-2-pyrrolidone  solvent.  The  obtained  slurry 
was  laminated  on  Al  foil  and  then  dried  at  120  °C  for  5  h.  A  2032 
type  coin  cell  was  fabricated  as  a  half-cell  system  using  the  ob¬ 
tained  electrode  as  the  cathode  and  lithium  metal  as  the  anode.  A 
Celgard  3501  microporous  membrane  was  used  as  a  separator,  and 
the  electrolyte  was  1.15  M  LiPF6  in  ethylene  carbonate: ethyl  methyl 
carbonate  =  3:7  vol.%. 

2.3.  Characterization 

The  crystalline  structure  of  prepared  powders  was  analyzed  by 
XRD  ( D8  Advance,  Bruker )  employing  Cu  Ka  radiation.  XRD  data  were 
obtained  at  20  =  10°-80°  with  a  step  size  of  0.02°.  The  TOPAS  Riet- 
veld  program  was  applied  to  analyze  the  powder  diffraction  patterns. 
The  stoichiometric  ratio  at  the  powder  surface  was  determined  using 
X-ray  photoelectron  spectroscopy  (XPS,  K-Alpha,  Thermo  Electron). 
Surface  morphology  and  particle  size  were  observed  using  FE-SEM 
(Leo  Supra  55,  Carl  Zeiss).  Elemental  composition  was  determined 
by  inductively  coupled  plasma  optical  emission  spectroscopy  (ICP- 
OES,  Direct  Reading  Echelle  ICP,  Leeman). 

Cycling  performance  of  cathode  material  LiINio.6Coo.2Mno.2lO2 
was  evaluated  in  the  range  of  3.0-4.3  V  in  constant-current  and 
constant-voltage  mode  using  a  battery  cycler  (BT-2000,  Arbin).  AC 
impedance  measurements  were  performed  using  an  electro¬ 
chemical  analyzer  (Iviumstat,  Ivium  Technologies)  over  the  fre¬ 
quency  range  of  1  mHz-100  kHz  with  an  amplitude  of  10  mV. 
Cyclic  voltammetry  (CV)  was  performed  using  an  electrochemical 
analyzer  (Iviumstat,  Ivium  Technologies)  over  3.0-4.5  V  at  a 
scanning  rate  0.1  mV  s”1. 

3.  Results  and  discussion 

The  XRD  patterns  for  prepared  Nio.6Coo.2Mno.2(OH)2  and  Li 
[Nio.6Coo.2Mno.2lO2  with  different  sulfate,  nitrate,  and  acetate 


Fig.  1.  XRD  patterns  of  (a)  Nio.6Coo.2Mn0.2(OH)2  precursor  samples  and  (b)  Li[Ni0.6Coo.2Mn0.2]02  calcined  samples. 
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Table  2 

ICP  data  of  all  samples  made  by  different  inorganic  salts. 


Inorganic  salt 

Element 

ppm(l) 

ppm  (2) 

ppm  (3) 

ppm  avg. 

Molar  ratio 

Sulfate 

Ni 

6.80 

6.79 

6.76 

6.78 

0.576 

Co 

2.65 

2.68 

2.72 

2.68 

0.227 

Mn 

2.18 

2.13 

2.19 

2.17 

0.197 

Nitrate 

Ni 

4.25 

4.21 

4.23 

4.23 

0.572 

Co 

1.59 

1.55 

1.51 

1.55 

0.210 

Mn 

1.58 

1.62 

1.63 

1.61 

0.218 

Acetate 

Ni 

3.73 

3.77 

3.78 

3.76 

0.556 

Co 

1.45 

1.49 

1.47 

1.47 

0.216 

Mn 

1.45 

1.44 

1.44 

1.44 

0.228 

inorganic  salts  as  starting  materials  are  shown  in  Fig.  1.  Hereafter, 
the  materials  synthesized  using  these  different  inorganic  salt 
starting  materials  are  referred  to  as  Sulfate,  Nitrate,  and  Acetate. 
Before  calcination,  peaks  of  Sulfate  and  Nitrate  were  sharper  than 
those  of  Acetate,  which  indicated  that  Sulfate  and  Nitrate  gave  well- 
ordered  metal  hydroxide  compared  to  Acetate.  After  calcination, 
XRD  patterns  of  Sulfate,  Nitrate,  and  Acetate  corresponded  to  a 
hexagonal  a-NaFe02  layered  structure.  And  the  elemental  compo¬ 
sitions  of  the  obtained  Sulfate,  Nitrate  and  Acetate  were  deter¬ 
mined  as  shown  in  fable  2.  In  the  XRD  patterns,  the  intensity  ratio 


of  the  (003)/(104)  peaks  and  the  splitting  of  the  (006),  (102)  peaks 
and  (018),  (110)  peaks  were  indications  of  materials  with  charac¬ 
teristic  layered  structures  [1,22  .  In  particular,  it  is  known  that  the 
intensity  ratio  of  the  (003)/(104)  peaks  depend  on  the  degree  of 
displacement  between  ions  located  at  the  3a  (Li  layers)  and  3b 
(transition  metal  layers)  sites  in  the  R3m  space  group.  Undesirable 
cation  mixing  would  take  place  when  the  intensity  ratio  of  the 
(003)/(104)  peaks  was  less  than  1.2  [23  .  Table  1  summarizes  the 
estimated  structural  parameters  of  the  Sulfate,  Nitrate  and  Acetate 
products.  The  unit  cell  volumes  of  Sulfate,  Nitrate  and  Acetate  were 
101.68, 101.21,  and  101.44,  respectively.  The  intensity  ratio  at  >1.2  of 
the  (003)/(104)  diffraction  peaks  from  all  of  the  powders  indicated 
excellent  cation  ordering.  Among  these  materials,  it  was  clear  that 
Sulfate  had  minimal  cation  mixing,  which  could  lead  to  excellent 
electrochemical  performances. 

FE-SEM  images  of  prepared  Nio.6Coo.2Mno.2(OH)2  and  Li[Nio.6C- 
oo.2Mno.2lO2  from  Sulfate,  Nitrate,  and  Acetate  are  shown  in  Fig.  2. 
In  the  case  of  Sulfate,  many  scattered  flakes  were  observed  as 
shown  in  Fig.  2(a).  After  calcination,  primary  particles  with  an 
approximate  size  of  200-500  nm  were  formed,  and  many  void 
channels  were  observed  as  seen  in  Fig.  2(b).  In  the  case  of  Nitrate, 
some  agglomerated  flakes  were  observed  as  shown  in  Fig.  2(c). 
After  calcination,  micro-sized  secondary  particles  were  formed  by 


Fig.  2.  FE-SEM  images  of  Nio.6Coo.2Mn0.2(OH)2  precursor  samples  (a)  Sulfate  (c)  Nitrate  (e)  Acetate  and  Li[Nio.6Co0.2Mn0.2]02  calcined  samples  (b)  Sulfate  (d)  Nitrate  (f)  Acetate. 
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Fig.  3.  XPS  spectra  of  (a)  Ni  2p,  (b)  Co  2p,  (c)  Mn  2p,  (d)  0  Is  of  Sulfate  (e)  0  Is  of  Nitrate  and  (f)  0  Is  of  Acetate  for  LifNio.6Coo.2Mno.2lO2  samples. 


agglomeration  of  many  primary  particles  with  a  size  of  about 
300  nm  as  shown  in  Fig.  2(d).  In  the  case  of  Acetate,  agglomerated 
amorphous  clusters  were  observed  as  shown  in  Fig.  2(e).  After 
calcination,  primary  particles  with  a  size  of  about  300  nm  and  void 
channels  were  formed  by  agglomeration  of  primary  particles  as 
shown  in  Fig.  2(f). 

XPS  spectra  of  the  Ni  2p,  Co  2p,  Mn  2p,  and  O  Is  for  Li 
[Nio.6Coo.2Mno.2lO2  powder  synthesized  using  Sulfate,  Nitrate,  and 
Acetate  are  shown  in  Fig.  3.  All  of  the  Ni  2p3/2,  Co  2p3/2,  and  Mn 
2p3/2  peaks  of  the  powders  were  located  around  641.5  eV,  778  eV, 
and  854  eV,  similar  to  the  binding  energies  of  Ni2+  in  NiO 
(853.8  eV),  Co2+/3+  in  Co304  (778.4  eV),  and  Mn4+  in  (3-Mn02 
(641.1  eV),  respectively.  These  data  indicate  that  Ni,  Co,  and  Mn 
exist  as  Ni2+,  Co2+^3+,  and  Mn4+  in  the  LiINio.6Coo.2Mno.2lO2 
powders  [24,25].  The  O  Is  peak  at  approximately  529  eV 


corresponds  to  lattice  oxygens.  Another  O  Is  peak  at  approxi¬ 
mately  531  eV  corresponds  to  absorbed  oxygen,  which  comes 
from  surface  CO2-,  -OH,  and  impurities  from  air  exposed  LiM02 
materials,  resulting  from  adsorption  of  CO2  and  water  under  re¬ 
agent  storage  conditions  [26,27  .  The  Sa/Si  ratio  of  the  O  Is  peak 
area,  which  was  highly  variable  in  both  peak  shape  and  intensity 
depending  on  the  inorganic  starting  materials,  was  found  to  be 
1.402,  1.664,  and  2.034  for  Sulfate,  Nitrate,  and  Acetate,  respec¬ 
tively  (Sa:  absorbed  oxygen,  S\:  latticed  oxygen).  Sulfate  had  the 
lowest  amount  of  surface  CO2-  and  -OH  impurities,  and  Acetate 
had  the  largest  amount  of  impurities  on  the  surface,  which  can  be 
attributed  to  chemical  stabilization  during  the  synthesis  and 
storage  conditions.  Sulfate  starting  materials  could  form  Li 
[Nio.6Coo.2Mno.2lO2  of  uniform  composition  and  purity  via  its 
stable  structure  corresponding  to  the  XRD  results. 


> 


4.5 


4.2 


3.9 


3.6 


3.3 


3.0 


2.7 


□  Sulfate 
o  Nitrate 
A  Acetate 


□ 

Sulfate 

0 

Nitrate 

A 

Acetate 

0  40  80  120  160  200 

Specific  Discharge  Capacity  /  mAh  g  1 


10  20  30 

Cycle  Number 


110 


100 


Fig.  4.  (a)  Initial  charge-discharge  curves  and  (b)  Discharge  capacity  retention  at  1  C-rate  for  Li[Nio.6Co0.2Mn0.2]02  samples. 
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Fig.  4(a)  shows  initial  charge-discharge  curves  for  Sulfate,  Ni¬ 
trate  and  Acetate  in  the  range  of  3.0-4.3  V  at  1  C-rate.  The  initial 
specific  discharge  capacities  were  found  to  be  138.3,  142.4,  and 
135.9  mAh  g_1  with  a  relatively  lower  coulombic  efficiency  of 
80.70%,  79.34%  and  74.32%,  respectively  as  shown  in  Fig.  4(a).  The 
lowest  coulombic  efficiency  of  Acetate  can  be  attributed  to  much 
undesirable  cation  mixing,  which  can  make  an  irreversible  com¬ 
pound  corresponding  to  the  XRD  result.  The  discharge  capacity 
retention  reached  97.5%,  79.8%,  and  63.3%  after  50  cycles  for  Sulfate, 
Nitrate  and  Acetate,  respectively,  as  shown  in  Fig.  4(b).  Although 
Nitrate  exhibited  the  highest  first  discharge  capacity,  the  retention 
of  discharge  capacity  continued  to  decrease  and  became  the  lowest 
after  50  cycles.  On  the  other  hand,  the  discharge  capacity  retention 
of  Sulfate  and  Acetate  stabilized  after  20  cycles  and  was  maintained 
up  to  50  cycles. 

In  order  to  observe  the  cycling  stability  at  a  high  current  rate  for 
power  density,  electrochemical  performance  at  6  C-rate  was 
investigated.  The  discharge  capacity  retention  of  Nitrate  continued 
to  decrease  during  cycling,  and  only  48.0%  of  its  initial  capacity 
remained  after  100  cycles.  Flowever,  Sulfate  showed  a  gradual  ca¬ 
pacity  fading  up  to  40  cycles  and  then  it  became  stable  maintaining 
at  83.2%  up  to  100  cycles  whereas  Acetate  showed  a  fast  capacity 
fading  in  the  initial  10  cycles  and  then  stably  maintained  at  71.7%  up 
to  100  cycles  as  shown  in  Fig.  5(a).  The  cyclic  voltammograms  for 
Sulfate,  Nitrate,  and  Acetate  at  6  C-rate  are  shown  in  Fig.  5(b),  (c),  and 


(d).  All  three  samples  exhibited  a  typical  curve  shape  composed  of 
reduction  peaks  centered  at  3.5-3.8  V.  The  oxidation  of  Ni2+/4+ 
occurs  at  approximately  3.7  V,  and  the  voltage  difference  between 
anodic  and  cathodic  peaks  increases  as  the  reversibility  of  the 
electrode  reaction  decreases.  Furthermore,  the  intensity  of  the 
anodic  and  cathodic  peaks  gradually  decreases  according  to  the 
changing  rate  as  products  become  unstable  and  transform  into 
irreversible  materials  [28,29  .  The  intensity  of  the  Sulfate  reduction 
peak  decreased  slightly  over  the  initial  20  cycles  and  then  almost  did 
not  change  up  to  100  cycles  as  shown  in  Fig.  5(b).  With  Acetate,  the 
reduction  peak  dramatically  decreased  during  the  initial  20  cycles, 
but  was  essentially  stable  up  to  100  cycles  as  shown  in  Fig.  5(d),  and 
Nitrate  continued  to  decrease  over  100  cycles  as  shown  in  Fig.  5(c). 

Electrochemical  impedance  spectroscopy  is  a  powerful  tool  for 
probing  the  kinetics  of  lithium  intercalation/deintercalation  into 
electrodes.  To  understand  the  electrochemical  behavior  of  the 
electrode  reaction  corresponding  to  physical  properties,  the  ac 
impedance  of  cells  fabricated  from  Sulfate,  Nitrate,  and  Acetate 
was  measured  under  conditions  of  6  C-rate  at  1,  20,  and  100  cycles, 
and  the  results  are  shown  in  Fig.  6.  Because  the  ac  impedance 
behavior  of  the  cell  depends  on  the  state  of  charge  (SoC),  ac 
impedance  spectra  were  measured  at  a  SoC  of  100  to  observe  the 
electrode  reaction  at  the  cathode.  In  ac  impedance  spectra  from  all 
of  the  materials,  two  overlapping  semicircles  were  observed.  The 
semicircle  in  the  high  frequency  range  can  be  attributed  to 


Fig.  5.  (a)  Discharge  capacity  retention  and  cyclic  voltammograms  of  (b)  Sulfate,  (c)  Nitrate  and  (d)  Acetate  at  6  C-rate  for  LilNio.6Coo.2Mno.2lO2  samples. 
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Fig.  6.  AC  impedance  spectra  obtained  at  4.3  V  charged  state  of  (a)  Sulfate,  (b)  Nitrate  and  (c)  Acetate  after  1  cycle,  20  cycles  and  100  cycles  at  6  C-rate  for  Li[Ni0.6Coo.2Mn0.2]02 
samples. 


resistance  of  Li+  ion  migration  through  the  solid  electrolyte 
interphase  layer  of  the  electrode  (Rf),  while  the  semicircle  in  the 
low-middle  frequency  range  is  due  to  charge  transfer  resistance 
between  the  electrode  and  electrolyte  ( Rct )  [30].  For  all  of  the 
materials,  the  impedance  of  the  high-frequency  process  changed 
only  slightly  with  cycling;  however,  the  size  of  the  low-frequency 
semi-circle  increased  with  cycling.  Among  the  materials,  Rct  of 
Sulfate  increased  slightly  during  cycling  and  showed  the  lowest 
resistance,  25  Q,  corresponding  to  the  discharge  capacity  retention 
results,  which  can  be  attributed  to  a  well-ordered  layered  struc¬ 
ture  and  nano-sized  channels  that  allow  contact  to  carbon  black 
for  electric  conductivity.  Rct  of  Acetate  was  28  Q  for  the  initial  20 
cycles  and  29  Q  after  100  cycles.  Although  the  Rct  at  both  20  and 
100  cycles  were  almost  the  same,  the  Rf  increased  by  5  Q,  which 
can  be  attributed  to  undesirable  cation  mixing  blocking  Li+  ion 
migration  inside  the  particles.  The  Rct  of  Nitrate  was  25  Q  for  the 
initial  20  cycles  and  63  Q  after  100  cycles.  During  cycling,  the  Rct  of 
Nitrate  continued  to  rapidly  increase  and  was  larger  than  Sulfate 
or  Acetate  after  100  cycles.  This  result  is  due  to  poor  contact  with 
carbon  black  for  electric  conductivity  and  poorer  mobility  of  Li+ 
ions  because  of  a  lack  of  channels. 

There  are  various  reasons  for  the  deterioration  of  cycling  ability 
of  LiNio.6Coo.2Mno.2O2  materials.  A  major  reason  for  the  capacity 


fading  of  LiM02  (M  =  Ni,  Co,  Mn)  is  structural  changes  during 
charge/discharge  cycling,  i.e.,  an  irreversible  change  from  a  layered 
phase  to  a  spinel  phase,  which  can  block  Li+  ion  intercalation/ 
deintercalation  [31  .  Another  reason  is  void-channel  effects  on  the 
surface  between  the  electrode  and  electrolyte,  which  can  affect  the 
solid  electrolyte  interphase  layer,  the  contact  area  of  conductive 
agent,  and  the  mobility  of  Li+  ions.  To  explain  why  Sulfate  had 
excellent  electrochemical  properties  compared  to  the  other  mate¬ 
rials,  schematic  design  is  developed  as  shown  in  Fig.  7.  Sulfate  had 
void-channels  on  the  surface  of  secondary  particles  formed  by 
agglomeration  of  primary  particles.  There  are  three  advantages  to 
the  presence  of  void-channels  on  the  surface,  which  lead  to 
excellent  electrochemical  properties.  First,  particles  with  void- 
channels  have  a  more  substantial  solid  electrolyte  interphase 
layer,  which  protects  the  material  from  unexpected  reactions  and 
helps  transport  lithium  ions  via  channels  on  the  surface.  Second, 
electric  conductivity  grows  with  increasing  contact  of  the  con¬ 
ducting  additive  carbon  black  with  the  surface  of  cathode  active 
materials  in  the  channels,  which  can  reduce  activation  polarization 
at  a  high  C-rate  by  rapidly  moving  electrons.  Third,  Li  ions  are 
small-sized  particles  and  void-channels  provide  easier  access  to 
and  from  the  center  of  particles  and  the  electrolyte  avoiding  un¬ 
desirable  collisions  in  the  structure. 
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Fig.  7.  Schematic  design  of  the  effects  on  void-channels  for  LifNio.6Coo.2Mno.2lO2  samples. 


4.  Conclusion 

LiINio.6Coo.2Mno.2lO2  cathode  materials  are  synthesized  using 
sulfate,  nitrate,  and  acetate  inorganic  salt  starting  materials.  Sec¬ 
ondary  particles  of  Sulfate  and  Acetate  with  void  channels  are 
formed  by  agglomeration  of  nano-sized  primary  particles,  whereas 
Nitrate  has  no  void  channels.  Sulfate  with  void  channels  and  a 
regular  layered  structure  displays  the  best  electrochemical  perfor¬ 
mances  at  1  C-  and  6  C-rates.  The  presence  of  void  channels  reduces 
resistance  in  the  transport  of  Li-ions  to  the  inside  of  cathode  active 
materials  because  an  increased  surface  area  with  electrolyte  pro¬ 
vides  increased  contact  with  conductive  agents.  Having  a  good 
layered  structure  prevents  cation  mixing  and  allows  Li  ions  to 
diffuse  easily  inside  the  cathode  active  material.  For  these  reasons, 
the  discharge  capacity  retention  of  Sulfate  is  the  highest  with  83.2% 
at  6  C-rate  after  100  cycles,  although  the  discharge  capacity  de¬ 
creases  gradually  for  the  initial  40  cycles.  The  synthesized  cathode 
active  materials  like  Sulfate  are  potentially  useful  for  applications 
involving  HEV,  P-HEV,  EV,  and  ESS  equipped  with  quick  char¬ 
ge-discharge  process. 
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